To study B cell development from bone marrow (BM), we generated recombinationactivating gene 1 (Rag1) targeted mice lacking mature lymphocytes. B cell development can be induced in such mice by B cell specific restoration of a functional Rag1 transcription unit. Follicular and marginal zone B cells populated the spleen when Rag1 expression was permitted. Notably, the peritoneal cavity was dominated by bona fide B1-a cells as judged by surface markers and functional properties. These BM-derived B-1a cells exhibited a polyclonal VDJ repertoire with substantial N nucleotide insertions. Nevertheless, physiological frequencies of phosphatidylcholine-specific B cells were detected. Importantly, the BM of young and 5 month old mice was indistinguishable with regard to the potential to generate B-1a cells.
Introduction
On basis of anatomical location, surface markers and function, mature B lymphocytes can be subdivided into two major subpopulations -B-1 and B-2. In spleen, besides B-1a cells can be found in body cavities such as the peritoneal cavity, but also in spleen. In general, B-1a cells are characterized by an IgM hi IgD lo CD43 + phenotype, while expression of CD11b is restricted to B-1a cells of the peritoneal cavity. Originally defined as CD5 + B cells, B-1 cells can now be subdivided into B-1a cells expressing moderate levels of CD5 and the CD5 -B-1b sister population with distinct functions 3 . Antibodies produced by B-1b cells are induced after antigenic exposure and are a requisite for long-lasting protective immunity against pathogens such as Streptococcus pneumoniae 4, 5 . B-1a cells are the major source of so-called 'natural' IgM antibodies that are produced without obvious antigen challenge 5, 6 . Similar to MZ B cells, B-1a cells preferentially recognize T cell-independent antigens such as polysaccharides and phospholipids (e.g. phosphatidylcholine (PtC)) 7 . Thus, both populations act in concert to mediate early responses against blood-borne particulate antigens 8 .
The first appearance of mature B cell subpopulations is consistent with distinct developmental periods. During mid-to-late fetal development, B cells are generated from hematopoietic stem cells in liver, whereas after birth B cell generation occurs in the bone marrow (BM). FO and MZ B cells become first detectable after birth and are therefore For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From product of B cell development in BM, whereas maturation into B-1 cells takes place already in fetal liver 9 . It has been suggested that generation of B-1 cells ceases shortly after birth and maintenance of a B-1a compartment is achieved by self-renewal 10 .
Reconstitution experiments indicated that donor cells from mid-gestation fetal liver efficiently reconstitute the B-1 cell population, while donor cells from adult BM are most efficient in generating B-2 cells 10, 11 . Differences have also been observed with regard to reconstitution of B-1 subpopulations: B-1a progenitor activity wanes after neonatal life, whereas substantial B-1b progenitor activity has been reported in both neonatal and adult BM 12, 13 . These observations provided the basis for models proposing distinct progenitors for B-1 and B-2 cells. Recently, additional support for this 'lineage model' was provided by identifying a CD45 lo/-CD19 + population that includes B-1 progenitors whose numbers peak during fetal development but are also found in adult BM to some extend [14] [15] [16] .
However, there is also evidence that differences between B-1 and B-2 cells are derived solely from differences in receptor specificity 17 . The premise of this 'induced differentiation model' is that B-1 and B-2 cells arise from the same progenitor but express Ig receptors whose antigen-binding specificity determines whether newly formed B cells differentiate into B-1 or B-2 cells. Evidence for this model came from the analysis of IgH chain transgenic mice expressing certain B cell receptor (BCR) specificities that drive B cell fate either into B-2 or the B-1 cell lineage 17, 18 . Additionally, analyses of mice with alterations that affect BCR signaling have clearly shown that strength of signals provided via the BCR has a direct impact on development of B-1 cells 17, 19, 20 . In summary, the lineage model and the induced differentiation model represent two alternative, not necessarily mutually exclusive concepts explaining many aspects of B-1 development.
With regard to the potential of adult BM to generate B-1a cells, contradicting results have been reported employing transfers of BM cells into irradiated hosts. At least in part, these contradicting results could be attributed to differences in experimental conditions like 
Materials and Methods

Generation of Indu-Rag1 mice
The BAC clone RP23-111E15 (GenBank #AC984753) from the library RPCI-23 Mouse BAC II was used as source of Rag1 encoding DNA. A 9.6 kb BamHI fragment containing the entire exon 2 of Rag1 was used to develop the targeting vector. The CDS was cut out by ClaI/KpnI digestion and replaced by an adapter of oligonucleotides (LoxP-i-for: 5'- The Indu-Rag1 mice were bred to MerCerMer mice and afterwards inter se to obtain mice homozygous for Indu-Rag1 and heterozygous for MerCreMer. Wild-type control mice were age-matched BALB/c mice (Harlan) or heterozygous Indu-Rag1 mice. Rag1 deficient mice on BALB/c background were obtained from Jackson and bred at the HZI animal facility.
For personal use only. on November 16, 2017. by guest www.bloodjournal.org From B cell development was induced in Indu-Rag1 mice by oral administration of 400 µl 20 mg/ml tamoxifen (Ratiopharm) in ClinOleic (Baxter). Control mice were treated with ClinOleic only. Wild-type controls in sorting and blood kinetic experiments were treated with tamoxifen like Indu-Rag1 mice. All experiments were performed in accordance with German law on care and use of laboratory animals and were approved by the local ethics committee at the Helmholtz Centre for Infection Research (LAVES).
Flow cytometry, cell sorting and adoptive transfer experiments
Monoclonal antibodies against mouse IgM a (DS-1), IgM b (AF6-78), B220 (RA3-6B2), IgD a (AMS9.1), CD21 (7G6), CD23 (B3B4), CD5 (53-7.3), Mac-1 (M1/70), CD125 (T21), CD19 (1D3), CD8α (Ly-2), CD49b (DX5), CD3ε (145-2C11), Gr1 (RB6-8C5), TER-119 (TER-119), CD93 (AA4.1) and CD43 (S7) were obtained from BD Biosciences or eBiosciences.
Anti-c-kit (ACK-4) and anti-IgD (1.19) were homemade. Biotinylated antibodies were revealed by various streptavidin-conjugates (all BD Biosciences). PtC liposomes were prepared as described 23 . Expression of cell surface markers was analyzed with FACSCalibur and CellQuest software (BD Biosciences) or with LSRII and DIVA software (BD Biosciences). Cell sorting was performed using MoFlo (Cytomation), FACSVantage (BD Biosciences) or FACSAria (BD Biosciences).
For adoptive transfer experiments, 2 x 10 5 sorted B-1a cells of CB20 (IgM b allotype) and tamoxifen-induced B-Indu-Rag1 fl/fl mice (IgM a allotype) were mixed at a 1:1 ratio and injected i.p. into Rag1 -/recipient mice. After 4 weeks, total peritoneal cells were stimulated in vitro with LPS and analyzed by an allotype-specific ELISPOT assay.
LPS stimulation, ELISPOT assay and ELISA
Sorted or unsorted B cell subpopulations were stimulated for 3 days with 50 µg/ml LPS (E.coli, Sigma) in IMDM medium at a density of 1 x 10 4 to 2 x 10 6 cells/ml. Standard protocols were used for ELISPOTs: serial dilutions of cells were plated on plates coated with rat-anti-mouse IgM (II/41; BD Biosciences). Cells were incubated overnight at 37°C in 5% 
Amplification of V H DJ H Cµ chain transcripts, sequencing and sequence analysis
RNA from sorted CD19 + PtC + peritoneal cells was isolated with TRIzol ® Reagent (Invitrogen) and was transcribed with oligo-d(T) [12] [13] [14] [15] [16] [17] [18] (Amersham) and Superscript II RNaseHreverse transcriptase (Invitrogen). The heavy chain transcripts were amplified with primers V H cons 
Results
Generation and characterization of a mouse strain allowing conditional expression of Rag1 in B cell precursors
Rag1 in concert with Rag2 is indispensable for rearrangement of BCR and T cell receptor genes and therefore for development of antigen receptor-expressing lymphocytes.
Consequently, absence of either Rag1 or Rag2 in mice 26, 27 Figure 1B) and B-Indu-Rag1 fl/fl mice ( Figure 1C ) showed the expected block in B cell development and were indistinguishable from conventional Rag1 -/mice. They displayed an accumulation of c-kit + B220 + Pro/PreB I cells and complete absence of IgM + cells. This is consistent with previous reports, noting that the mb1-MerCreMer recombinase has no detectable background activity but still can be activated by tamoxifen, an estrogen analog 30 
Tracking populations of peripheral B cells derived from adult BM
To study the potential of adult BM to reconstitute peripheral B cells, we performed kinetic experiments. We orally treated 9 to 10 week old B-Indu-Rag1 fl/fl mice and control animals weekly with tamoxifen for 5 weeks. Analysis of blood of such animals for appearance of transitional 1 (T1) and mature B cells ( Figure 2A ) revealed that T1 B cells with an Figure   3A ). In addition, substantial amounts of both secreted IgM and IgG antibodies could be detected in sera of mice 35 days after tamoxifen administration, demonstrating the potential of newly generated B cells to participate in humoral immunity and class switching ( Figure 3B ).
Generation of B-1a cells from adult BM
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Rapid IgM secretion of B-Indu-Rag1 fl/fl -derived B-1 and MZ B cells upon stimulation
Phosphatidylcholine-specific B-1a cells in induced B-Indu-Rag1 fl/fl mice
